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The absolute concentrations as well as the relative amounts of calcium and 
phosphorus determine the direction in which equilibrium conditions are ap- 
proached in the CaO-P,O,-H,O systems examined. A solid of atomic ratio 
Ca/P = 1-33 (octocalcium phosphate), was found to  be the least basic of the 
apatite-like precipitates. It is probably a hydrated infinite two-dimensional 
complex with sheets held together by water molecules, Ca,H(PO,), . 3H,O. 
Solids with atomic ratios Ca/P ranging from 1-0 to 1-33 consist of a t  least two 
phases ; dicalcium phosphate and a solid a t  least as basic as octocalcium 
phosphate. 
On structural grounds i t  appears possible that a continuous series of apatite- 
like solid solutions can exist between octocalcium phosphate and hydroxy- 
(or fluor-) apatite. In practice, no two preparations with composition lying 
between octocalcium phosphate and hydroxyapatite are likely to be identical. 
The existence of precipitated calcium phosphates more basic than hydroxy- 
apatite, the high loss on ignition of hydroxyapatites and the high fluorine 
contents of many natural sedimentary phosphates are explained on the hypothesis 
that thin sheets of apatite structure sorb hydroxyl or other anions where the 
calciums of the apatite lattice are exposed. Some evidence is obtained of com- 
plex ion formation in calcium phosphate solutions in which the atomic ratio 
Ca/P exceeds 0.5. 
The interpretation of chemical data on phosphorus problems in soils 
and fertilizers is limited by lack of information on the fundamental 
equilibria of the calcium phosphates in water. Although sorption by soil 
colloids may be the principal factor responsible for the immobilization of 
water-soluble phosphates added as fertilizers, it is possible, a t  least in 
soils containing calcium carbonate, that dicalcium phosphate and more 
basic phosphates may be formed, perhaps with fluorapatite or hydroxy- 
apatite as end-products. Further information on the composition, crystal 
structures and solubilities of the more basic calcium phosphates might 
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1062 CALCIUM PHOSPHATES 
throw new light on other fertilizer problems and also have some bearing 
on such questions as the formation of bone and the natural phosphorite 
deposits. As many of the calcium phosphates of agricultural and geo- 
chemical interest may be unstable, useful information may be provided 
from systems which have not reached equilibrium. 
Crystalline mono- and dicalcium phosphates were recognized at  an 
early date. Warington was the first t o  establish that the prolonged 
hydrolysis of any calcium phosphate resulted in the formation of a solid 
of composition 10 CaO . 3P205 . H,O (or Ca5(P04),0H) which he realized 
was an apatite. This material retained water even after strong ignition. 
The formation of a tricalcium phosphate by precipitation has been ques- 
tioned by many workers. The arguments were reviewed by Eisenberger 
et aZ., in 1940. Whereas Bassett 3 v  supported the existence of a pre- 
cipitated tricalcium phospha.te, TrGmel and Moller regarded solids of 
the Ca,(PO,), composition as hydroxyapatite with sufficient adsorbed 
phosphate to yield approximately this composition. Bredig et aL6 thought 
it probable that precipitated trica lcium phosphate was composed of mixed 
crystals of hydrated Ca ,(PO4), of variable water content and hydroxy- 
apatite with some adsorbed phosphate. 
concluded that precipitated tricakium phosphate was an " aquo-apatite ", 
Ca,(PO,),(H,O),, and that a complete series of solid solutions was formed 
between this material and hydroxyapatite. In their review Eisenberger 
et al. decided that the most satisfactory assumption was that " between 
dicalcium phosphate and lime there exists, in the ternary system, a con- 
tinuous series of solid solutions having an apatite lattice ". It would 
follow, therefore, that tricalcium phosphate and hydroxyapatite do not 
exist in aqueous systems as unique stoichiometric compounds. Such a 
generalization requires further critical study, Various less basic calcium 
phosphates have received attention, including one of atomic ratio Ca/P= 
1.33. Warington 8 drew attention to a material Ca,H(PO,), which he 
termed octocalcic triphosphate or octocalcium phosphate. He en- 
countered a solid of almost this composition when a surface film was 
formed during the slow loss of carbon dioxide from a calcium phosphate- 
rich solution. Bjerrum $ referred to the same material as a theoretically 
important laboratory product and gave values for the solubility products 
of dicalcium phosphate, octocalcium phosphate and hydroxyapatite 
without, however, giving sufficient experimental evidence on their nature 
or conditions of formation. I t  is interesting to note that he was obliged 
to consider two values for the solubility products of both octocalcium 
phosphate and hydroxyapatite depending on whether the solids were 
precipitating or dissolving. 
The extreme slowness with which equilibrium conditions are approached 
introduces the chief experimental difficulty in many of the investigations 
described in the literature. Other complications arise from the fact 
that calcium phosphate solutions tend to be supersaturated and to yield 
gelatinous solids difficult to isolate. In precipitating calcium phosphate 
solutions the trends in the pH values of the liquid phases may, perhaps, 
be taken as a rough index of the approach to equilibrium. Some pH 
determinations carried out by the writer on precipitating mixtures in 
which the atomic ratios Ca/P for the whole systems varied over the range 
0-7 to 2.0 gave steady values in about one week. However, especially 
Hendricks and his co-workers 
Warington, J .  Chem. Soc., 1873, 26, 983. 
Eisenberger, Lehrman and Turner, Chem. Rev., 1940, 26, 257. 
Bassett, 2. anorg. Chem., 1908, 59, I. 
Bassett, .J. Chenz. Soc., 1917, I I I ,  020. 
Tromel and Moller, 2. anorg. Chem., 1932, 206, 227. 
Bredig, Franck and Fiildner, Z.  Elektrochem., 1932, 38, 158. 
Warington, .J. Chem. Soc., 1866, 19, 296. 
7 Hendricks, Hill, Jacob and Jefferson, Ind. Eng. Chem.. 1931. 23, 1413. 
8 Bjerrum, Skand. Naturforskermode, Helsingfors, 1936, Beretning S., 344. 
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P. W. ARNOLD 1063 
in the more basic systems small but significant changes in pH have been 
recorded over a period of a year. 
An examination was made of some partially equilibrated calcium phos- 
phate water systems in which the solid was at least as rich in calcium 
as dicalcium phosphate. Attention was directed towards both the solid 
and liquid phases as far as possible. 
Experimental 
Phosphoric Acid- Calcium Hydroxide Titrations at Constant Volume. 
-Fixed quantities of either phosphoric acid or monocalcium phosphate solutions 
were treated with varying quantities of saturated calcium hydroxide and made 
up to a fixed volume (generally IQO ml.). The mixtures were rotated end- 
over-end for a t  least one week before the liquid phases were separated with the 
aid of an insertion filter and analyzed for calcium and phosphorus. Precautions 
I i 
Atomic rofio CI 
Series II: 
I:/ /:7 /:3 
Ca HPO, 1 
FIG. I .  
were taken to  prevent carbon dioxide from entering the mixtures. The Ca/P 
ratios in the solids were calculated from the differences between the total 
amounts of calcium and phosphorus used and the amounts found in the solu- 
tions. Calcium was estimated volumetrically after precipitation as oxalate 
at pH 4-5. The use of standard ceric sulphate and 0.02 N ferrous ammonium 
sulphate (orthophenanthroline ferrous ion indicator) was found to  be preferable 
to  a perrnanganate titration. Phosphorus was estimated by the molybdenum- 
blue method 10 using a Spekker photoelectric absorptiometer. The pH values 
l o  Truog and Meyer, I n d .  Eng. Che,m. (Anal. ed.) ,  1929, I ,  136. 
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1064 CALCIUM PHOSPHATES 
of solutions were determined electrometrically (portable Cambridge pH meter ; 
glass/saturated calomel standard electrode). The experiments were carried out 
a t  room temperature (15-Zz" C). The results from three series are summarized 
in Fig. I, the total quantities of phosphorus in the systems being- 
Series I, 3-1 niilli-atoms per litre, initially as H,P04. 
Series 11, 25.0 milli-atoms per litre, initially as Ca(H,PO,),. 
Series 111, g.S milli-atoms per litre, initially as H,P04. 
The pH values in Fig. I for series I and I1 may be regarded as titration curves 
a t  constant volume. The pH values in the more alkaline ranges of series I11 
were too indefinite to  be recorded. Fig. I also gives the atomic ratios for all 
solids and the compositions of the solutions expressed as the negative logarithms 
of gram-atoms per litre (pCa and pP). The data show that in systems approach- 
ing equilibrium after one week the composition of the precipitate depends on 
the absolute concentrations of the initial solutions as well as on their Ca/P 
ratios. Systems with total calcium and phosphorus in atomic ratios of between 
0.9 and 1.0 gave precipitates approximating in composition to hydroxyapatite 
in the most dilute solutions (series I), but to dicalcium phosphate in the most 
concentrated solutions (series 11). I t  is well known that precipitating systems 
of calcium hydroxide and phosphoric acid give more acid solutions than cor- 
responding mixtures of sodium hydroxide and phosphoric acid because the 
calcium phosphate precipitates have a wider Ca/P ratio than the solutions from 
which they separate. This may be sufficient to account for curves with anom- 
alous points of inflexion in the titration of phosphoric acid with calcium hydroxide 
(see e.g. 11, 12, 13). In Fig. I increasing additions of calcium hydroxide gave 
more acid solutions in the early stages of series I and the later stages of series 11, 
i.e. in regions where the precipitates contain more calcium than dicalcium 
phosphate. If the atomic ratio Ca/P in a system is of the order 1.0 and a basic 
solid is precipitated, for example, hydroxyapatite, 
Ca++ + HPO,-- + XH,O + XCa5(P0,),0H + ( I  - 5x)Ca++ + 
(I - 3x)HPO,-- + 4xH+, 
the Ca/P ratio of the soIution changes from 1.0 to  ( I  - 5x)/(1 - 3x1. The 
increase in pH through the addition of more calcium hydroxide will be offset 
by acidification depending on both the compcsition and the amount of the 
calcium phosphate precipitated. 
Complex Ion Formation.-For p1-I values below about 6.0 there was fair 
agreement between the observed pH values and those calculated from the 
calcium and phosphorus contents of the solutions and the second dissociation 
constant of phosphoric acid (pK, = 7-22, neglecting effects of ionic strength). 
For pH values above 6.0 in series I the experimental values were always less than 
the calculated ones. As shown in Fig. 2 the discrepancies increased with the 
pH value. This anomaly might be explained by postulating the existence of 
a colloidal basic phosphate or a complex anion containing calcium. Bjerrum Q 
suggested that an ion of the type Ca(HP0,-), might account for up to  10 yo 
of the dissolved calcium. To examine this possibility conductometric measure- 
ments were made on unsaturated solutions of dicalcium phosphate which be- 
haved as a moderately strong electrolyte. A rough correlation between con- 
ductometric and potentiometric measurements was obtained if considerable 
proportions of some form of complex calcium phosphate ion were included in 
the equilibria. Postulating the existence of a complex of the type CaP0,- 
(or (Capo,-) with an equivalent ion conductance similar to  other charged 
complex ions (20-30 ohm-1 cm.2), i t  appeared that the balance between the ionic 
entities in solutions of atomic ratio Ca/P = 1-0 (pCa = 3-4 approximately) 
would fall between the amounts in (I) and (2). 
3Ca++ + CaP0,- + zHPO,-- + H,PO,- . (1) 
4Ca++ + CaP0,- + 3HPO,-- + H,P04- . * (2) 
The fact that experimental Ca/P ratios in solution (where the values exceeded 
0.5) were larger than the ratios calculated from the experimental pH values 
was in accord with the suggested formulation. A detailed study of the problem 
is necessary before any accurate conceptions regarding the equilibria in solution 
can be formulated. 
11 Wendt and Clarke, J .  Amer. Chem. Soc.. 1923, 45, 881. 
l2 Holt, La Mer and Chown, J .  Biol. Chem., 1925, 64, 509. 
13Britton, J .  Chem. Soc., 1927, 614. 
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E x pe r i ment  ol 
0 0  for  series I 
va I ues 
0 
0 
0 
0 
0 
FIG. 2. 
Preparation of Precipitated Calcium Phosphates.-A number of 
preparations were made under controlled conditions to  provide precipitates 
for detailed study. 
PRECIPITATED HYDROXYAPAT1TE.-AII attempt was made to prepare a 
sample of hydroxyapatite using a modification of the slow crystallization process 
described by Kazakov.14 Calculated quantities of solutions of calcium acetate 
and ammonium phosphate, containing additional free ammonia, were simul- 
taneously introduced a t  a slow rate into about 10 1. of mechanically stirred 
CO,-free ammonium acetate. Account was taken of the calcium and phos- 
phate necessary to  saturate the ammonium acetate which was M/zo with respect 
to  acetate when the additions were complete. The pH of the system was main- 
tained above 7.0 throughout the precipitation which was extended over 8 hr. 
The mixture was stirred for two days before t h e  solid was withdrawn and washed 
with large quantities of distilled water. Analysis of the solid showed that the 
atomic ratio, Ca/P = 1-66, corresponded very closely with the theoretical 
hydroxyapatite composition. About 0.7 g. of solid were obtained from each 
litre of solution. After a preliminary drying a t  I O O O C  a sample of the solid 
was dehydrated in an electric muffle furnace. The temperature of the furnace 
was maintained a t  a series of suitable values until constant weight had been 
attained in each instance. The water remaining in the solid a t  each temper- 
ature, expressed as molecules H,O per six P atoms, is shown in Fig. 3. A 
pronounced break in the dehydration curve is apparent. The loss in weight 
(2.07 yo) between 1230' C and 1400' C is almost certainly due to the break-up of 
hydroxyl groups in the lattice. Above 15ooOC a loss of P,O, occurred. A 
sample of the solid dried at  100' C (S. 16) was included in the X-ray examination. 
OCTOCALCIUM PHOsPHATE.-Akhough the addition of disodium phosphate 
Na,HPO, to  calciuni chloride leads to  the formation of dicalcium phosphate 
dihydrate, a reversal of the procedure produces a more basic solid. Warington * 
stated that octocalcium phosphate, Ca4H(P04),, was formed in this way pro- 
vided the mixtures remained alkaline. This has been confirmed by the writer. 
The pH values of mixtures remained substantially above 7-0 and solids of almost 
14  Kazakov, Trans. Sci. Inst. Fertilizers and Insectofungicides (U.S.S.R.), 
1937, No. 139. 
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1066 CALCIUM PHOSPHATES 
the theoretical octocalcium phosphate composition were obtained when the 
molar proportions of CaCl, to Na,HPO, ranged from 1/3 to 1/12. The data 
Dehydration of Hydroxyapatite (S. 16) 
FIG. 3. 
in Table I indicate that the precipitates separated after various periods of 
equilibration (molar proportions of CaCl,/Na,HPO, = I /I 2) contained more 
calcium than is required by the empirical formula Ca,H(PO,) however, this 
was to  be expected because the materials had been repeatedly washed with water. 
PROPORTIONS 1/12) WITH VIGOROUS TIRRING 
TABLE I.-ADDITION OF M/IO CaC1, TO M/IO Na,HPO, (MOLAR 
I Atomic Ratio Ca/P in Solid % HgO retained above 80' C I Time of Equilibration 
I I 
5 min. 
6 hr. . 
z days (S. 19) . I2 J P  * 
1 ,  
1-38 
1-46 
1-41 
2-34 
1'39 
9-20 
8-50 
8-78 
11-45 
10.40 
It was interesting to note that when moist films of these solids were permitted 
to dry, the horny appearance of the dried films suggested that the solids might 
possibly possess a platey structure. 
PRECIPITATES FORMED BY ADDING CALCIUM HYDROXIDE TO PHOSPHORIC 
ACID WITH RAPID MIXING.-The addition of saturated calcium hydroxide to  
phosphoric acid (20 millimolar) resulted in the formation of gelatinous pre- 
cipitates which could usually be separated by centrifuging a t  3000 rev. /min. 
for z min. For mixtures with atomic ratios Ca/P ranging from about 0.8 to 
0.95 the solids isolated within 2 min. of mixing ranged in composition from 
Ca/P = 1-22 to 1-48. One solid, Ca/P = 1-30 (S. zo) ,  was dried below rooo C 
and reserved for X-ray powder diffraction examination. The rapid addition 
of large excesses of calcium hydroxide to dilute phosphoric acid resulted in the 
formation of basic precipitates which could occasionally be separated by centri- 
fuging a t  3000 rev./min. Two precipitates obtained in this manner were 
washed once with water and dried below IOOO C. Both materials (S. 26 and S. 28) ,  
Ca/P = 1-95, which were considerably more basic than hydroxyapatite, were 
reserved for X-ray examination. 
PARTIALLY EQUILIBRATED PREcIPITATEs.-Solids for X-ray diffraction 
examination were prepared using the method outlined for obtaining the data 
in Fig. I ,  series 11. The mixes were rotated end-over-end for one week before 
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P. W. ARNOLD I 067 
the solids were separated and dried a t  60" C (Table 11). 
entirely of well-defined crystals of dicalcium phosphate dihydrate (brushite). 
Sample S. 4 consisted 
Solution 
Sample 
I 
TABLE I1 
Atomic Ratio 
Ca/P in Solid 
s. I 0  
s. g s. 8 
s. 7 
s. 4 
PCa PP 
2-65 2'43 1-34 
2-65 2-41 1-33 
2.66 2-42 1 -21  
2.63 2.38 1-17 
1-00 - - 
X-RAY POWDER DIFFRACTION PATTERNS-The following materials were 
examined : 
S. 16, Ca/P = 1-66 precipitated hydroxyapatite. 
S. 19, ,, = 1'34 from CaCl, and Na,HPO,. 
S. 20, ,, = 1.30 calcium hydroxide and phosphoric acid. 
S. 10, ,, = 1.34 calcium hydroxide and Ca(H,PO,), solution. 
s. 9, ,, = 1'33 I ,  I ,  , t  
S. 8, ,, = 1-21 3 ,  ,. 
S. 7, ,, = 1-17 I ,  I ,  ,, 
S. 4, ,, = 1.00 dicalcium phosphate dihydrate. 
S. 26 and S. 28, Ca/P == 1-95 calcium hydroxide and phosphoric acid. 
The X-ray powder diffraction photographs of the finely ground solids were 
obtained using an X-ray tube operated with a copper target and nickel filter 
(CuK, radiation, A = 1-54 A). The d values were obtained in the usual manner. 
The relative intensities of the lines was estimated by eye. The results are 
represented graphically in Fig. 4, the d values being plotted as abscissae against 
2 3 4 5 6 7 e 9 l O  2 0  
(i U N I T S )  d V A L U E S  
FIG. 4. 
the intensities of the diffraction pattern lines as ordinates. By a comparison 
of tbe positions and intensities of the lines on the diagrams i t  is possible to  
make the following generalizations. The precipitates approximating in com- 
position to octocalcium phosphate exhibited diffraction patterns remarkably 
like that of hydroxyapatite (S. 16, Ca/P = 1.66). Sam le S. 19 (Ca/P = 1.34) 
exhibited three faint lines (d = 2.26, 4.23 and 7-68 8, which corresponded 
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I 068 CALCIUM PHOSPHATES 
quite closely with intense lines of dicalcium phosphate dihydrate (d = 2.25, 
4-25 and 7-63 A). Additional lines absent in both the dicalcium phosphate and 
hydroxyapatite patterns were found to represent d values of 2-31, 3-60, 5-86, 
9.33, 11 and 22 A. For sample S. 20 (Ca/P = 1.30) most of the lines charac- 
teristic of a hydroxyapatite were present together with four additional lines, 
three of which (2.14, 4-22 (diffuse) and 7.7 A) agreed closely with lines present 
in dicalcium phosphate. The other line (d = 9-34 A) corresponded with the 
9-33 line present in the pattern for sample S. 19. It is concluded that the two 
solids S. 19 and S. 20 of approximately octocakium phosphate composition may 
possess lattice structures akin to  that of apatite. The large d values (S. 19 : 9.33, 
11 and 22 A ; S. 20 : 9.34 A), which are not commensurable with the ordinary 
apatite structure, may be connected with the observation recorded earlier in 
this paper on the platey nature of dried octocalcium phosphate. A possible 
sheet-like hydrated structure for octocalcium phosphate is discussed later in the 
paper. 
From a similar comparison o€ the diffraction patterns of sclids S. 7 to S. 10 
with those of dicalcium phosphatc dihydrate and hyclroxyapatite i t  was ap- 
parent that the solids S. 7 (Ca/P = 1-17) and S. 8 (Ca/P = 1-21) were mixtures 
of dicalcium phosphate and an apatite-like material. The proportion of di- 
calcium phosphate was much less in solid preparations S. 9 (Ca/P = 1.33) and 
S. 10 (Ca/P = 1-34), the latter giving a pattern very similar to that of an apatite, 
but with two or three faint lines characteristic of pure dicalcium phosphate. 
One of the dicalcium phosphate lines (d = 4-2 A) in solid S. 9 was fairly strong 
but most of the others were ex-cremely faint or absent, again indicating the presence 
of only a small proportion of dicalcium phosphate. It was concluded that the 
partially equilibrated solids with Ca/P ratios ranging from 1.0 to 1.33 (ap- 
proximately) were composed of a t  least two crystalline phases, one being di- 
calcium phosphate dihydrate and the other exhibiting an apatite-like powdcr 
diffraction pattern. Precipitates of octocalcium phosphate composition were 
the least basic of the materials in which apatite-like powder diffraction patterns 
predominated. 
The two very basic solids S. 26 and S. 28 (Ca/P = 1.95) gave powder dif- 
fraction patterns indicating that an apatite lattice was present but with diffuse 
lines expected from poorly developed crystals. There was no evidence to suggest 
that  any solid phase other than an apatite-like one was being dealt with. 
Precipitated Calcium Phosphates and the Apatite Crystal Lattice. 
-The calcium-phosphorus-fluorine configuration accepted for fluor- 
apatite has 1-emained fundamentally unchanged since Mehmel l 6  and 
NAray-Szab6 17 first reached agreement on the subject. Recently 
Beevers and McIntyre corroborated the a.ccepted crystal structure of 
fluorapatite and were able to locate certain components in the unit of 
structure with greater accuracy than was formerly possible. Owing to 
the similarity in size of the fluoride and hydroxyl ions, hydroxyapatite 
would be expected to have a structure closely' similar to fluorapatite. 
The findings of Beevers and McIntyre gave little support to an earlier 
view summarized by McConnell ls, 2 o  in the following words : " the 
structure of an apatite seems to be remarkably stable, permitting a 
number of rather unusual types of substitution and involving a consider- 
able number of ions ". In view of the fact that the solid of atomic ratio 
Ca/P = 1-33, empirically C:L,~H(PO,),, was the least basic of the precipit- 
ates found by the writer to possess an apatite-like diffraction pattern, it 
is of interest to consider a possible apatite-like structure for this material 
and a mechanism by which it can take up additional calcium. In the 
established fluorapatite structure the calcium and phosphorus arrange- 
ment (omitting the oxygens) could be illustrated by Fig. 5c in which more 
than the " unit cell " is drawn. There are two types o f  calcium, broadly 
described as " column " and " hexagonal screw ", which differ in respect 
15 Mehmel, 2. ICrist., 1930, 75, 323. 
16bIehme1, 2. physzk. Clzem. B,  1931, 15, 223. 
17 Ngray-Szab6, %. K y z s t . ,  1930, 75, 387. 
18 Beevers and hlchtyre, M i x  Mug., 1946, 27, 254. 
19 McConnell, Amer. M i n . ,  1937, 22, 977. 
2 O  hIcConnel1, ibid., 1938, 23, I .  
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to the number and positions of their neighbouring oxygens in the lattice. 
Layers of Ca and PO, in the planes c/4 and 3c/4 are joined by column 
calciums a t  levels 0, c/z and c. The F (or OH) ions are situated in the 
hexagonal screw channels in the main Ca and PO, layers. If, for 
theoretical considerations, the F (or OH) ions and the column calciums 
are omitted from the structure, the resulting positive charge deficiency 
could be satisfied by introducing six hydrogens per unit cell between 
alternate layers only. For the formation of the octocalcium phosphate 
it is possible for calcium ions to unite the main Ca and PO, layers a t  levels 
c/z. This would leave two hydrogens per unit cell as shown in Fig. 5A, 
although, here again, more than t h e  &it cell 
is illustrated. The apparently independent 
sheets would probably be bound together by 
water molecules. I t  has been noted that as the 
Ca/P ratio in solids approaches 1-33, so the 
ratio of water molecules to PO, groups ap- 
proaches 1.0. It is suggested that octocalcium 
phosphate is an infinite two-dimensional com- 
plex, Ca,H(PO,), . 3H,O, with sheets held to- 
gether by OPO~-HH~O bonds. Uptake of cal- 
cium by octocalcium phosphate would proceed 
by' the random elimination of hydrogens by 
column calciums resulting in ionic bonding of 
the sheets. Beyond the stage represented by 
Fig 5 ~ ,  a t  which one-quarter of the column 
calcium sites are vacant, uptake of calcium 
may be accompanied by the introduction of 
anions (F or OH) into the hexagonal screw 
channels. In  this manner a continuous series 
of compositions ranging from octocalcium phos- 
phate to hydroxyapatite would be produced 
in which a gradually decreasing number of 
column calcium sites are left untenanted. Pre- 
cipitates of tri-calcium phosphate composition 
(Fig. 5B) would merely represent the stage a t  
which further uptake of calcium mag be ac- 
companied by the introduction of anions (F or 
OH) into the lattice. Data from Fig. I, series 
I1 and I11 indicate that the transition from a 
A 
Hydrale d 
H C a  CoH 
Hydraled 
C ! !  
@- ffexuyanal scretu calcium 
c a  -'Co/urnn' calcium 
9- Phosphorus 
FIG. 5. solid of approximately octocalcium phosphate 
composition to solids slightly more basic than 
hydroxyapatite is a gradual one. Structural considerations allow solids 
covering the whole range of compositions from Ca/P = 1.33 to 1-67, but 
particles of a precipitate may well be heterogeneous. In  this connection 
it is important to remember that the conditions governing the precipita- 
tion change as more solid separates. A solid formed in the early stages of 
a precipitation would not be in equilibrium with the solution at later 
stages. Through the low solubilities of the more basic calcium phos- 
phates and their tendency to supersaturation readjustments of the 
equilibrium must necessarily be slow. Whether precipitated calcium 
phosphates of apatite structure are built up without discrete molecular 
types (continuous series of solid solutions) or are heterogeneous particles 
comisting of two or more fairly definite lattices, merging one with the 
other, the fact remains that, in practice, no two preparations with com- 
position lying between octocalcium phosphate and hydroxyapatite are 
likely to be identical. I t  is possible that a relationship may be estab- 
lished later between the crystal structures of dicalcium phosphate dihydrate 
and hydrated octocalcium phosphate, but, so far, the writer has not 
encountered any solid of single phase with a composition intermediate 
between these two forms. 
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I 070 CALCIUM PHOSPHATES 
Solids more Basic than Hydroxyapatite.-The X-ray powder dif- 
fraction patterns of solids more basic than hydroxyapatite showed that 
they were poorly crystalline apatite-like materials. On structural grounds 
alone, it appeared to be unlikely that the uptake of calcium by an apatite- 
like lattice could proceed beyond the Ca,(PO,) ,OH stage. Moreover, 
the sharp break in the pCa and pP curves in series I11 (Fig. I) a t  the point 
where the Ca/P ratio of the solid was exactly that of hydroxyapatite, 
indicates that a change in the nature of the solid phase takes place at  the 
hydroxyapatite composition. In this connection it is of interest to 
examine data concerning the actual amount of tightly bound constitu- 
tional water present in hydroxyapatite. According to Hendricks 7 the 
ignition of hydroxyapatite at  gooo C resulted in the formation of oxy- 
apatite. He stated that the X-ray powder diffraction pattern of the 
supposed oxyapatite was remarkably like that exhibited by the original 
hydroxyapatite. From the dehydration data presented in this paper 
(Fig. 3) it is evident that up to goo0 C both the solids examined by 
Hendricks were hydroxyapatite. Warington found from the differ- 
ence between the combined CaO and P,O, analyses and the total weight 
of solid that between 1-96 and 2 - 2  Yo H,O was combined as hydroxyl 
in samples of hydroxyapatite. Bassett’s analyses (CaO + P,O,) for a 
series of solids approximating in composition t o  hydroxyapatite (atomic 
ratios Ca/P = 1-65 to 1-71) fell short of IOO yo by amounts ranging be- 
tween 2.21 and 2-25 yo. Kazakov l4 concluded that a mean of 2.07 Yo 
hydroxyl water was present in his samples of hydroxyapatite. The 
sample S. 16 lost 2.07 yo H,O on ignition above 123oOC. (Fig. 3) All 
of these water contents ale considerably larger than the theoretical one 
(1-79 yo H,O) calculated for the breakdown of the hydroxyl content of 
Ca,(PO,) ,OH. 
McConnell 2 o  suggested that the monovalent hydroxyl group could 
substitute for oxygen in an apatite lattice. In this replacement a mono- 
valent cation replaced a divalent cation and the electrostatic equilibrium 
was maintained. The synthetic sample of hydroxyapatite (S. 16) was 
thought to be free from contamination with monovalent cations and the 
suggestion that hydroxyl (equivalent to about 0.3 yo H,O by weight) 
substituted oxygen was not so plausible. The writer suggests that the 
very large specific surface of precipitated hydroxyapatite is responsible for 
the apparently high hydroxyl constituent and that the extra hydroxyls are 
surface anions required to balance the charge on the surface of the particles. 
I t  is interesting to note that many Continental rock phosphate 
minerals contain considerably more fluorine, often up to 50 yo more, than 
is required by the accepted fluorapatite formula Ca,,(PO,) ,F. At present 
it is not possible to decide whether this extra fluorine is part of the apatite 
lattice or merely superficially associated with the particles. 
In conclusion, a hypothesis may be advanced to account for the 
existence of calcium phosphates more basic than hydroxyapatite. The 
hydroxyapatite unit cell can be represented most simply by (I). 
Ca Ca - - 
2 2 
i.e. Ca, ,(PO4) (OH) ,. 
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P. W. ARNOLD 1071 
For an exposed surface the position may be represented by (11) or (111), 
depending upon whether the surface column calcium is absent or present. 
+ + 
- - Pa i:" 
tCa,(PO,), OH-+ tCa,(PO,),  OH-+ 
I I I 
I I r I 
I I 1 
I I I I 
(11) (111) 
Ca Ca 
I 
Ca Ca 
-+Ca,(PO,), OH-> +-Ca3(P0,), OH-+ 
Ca Ca 
I 
Ca Ca 
In either instance the surface would possess a charge and some form of 
ionically bound layer would be associated with it. The writer suggests 
that, at least for solids in neutral or alkaline solution, the position is that 
represented by (111), and hydroxyl ions are associated with the surface 
of the particles. Taking particles of n planes of phosphorus (considcred 
at right-angles to the c axis) the composition of the material would be 
represented by the empirical formula (Ca,(PO,) . Ca,(OH), ; the 
sorption taking place on the two surfaces where column calciums are 
exposed. When n = I, we have sheet particles 
i.e. Ca,(PO,) 3(OH),5 
known, no definite 
material as basic as 
OH OH 
Ca Ca 
I I 
I I 
tCa,(PO,) , OH+ 
Ca Ca 
OH OH 
in which the atomic ratio Ca/P = 2-33 .  So far as is 
evidence has been obtained which indicates that a 
this can be formed. However, if n = 2 we have 
OH OH 
Ca Ca 
1 I 
I I 
I I 
I 1 
tCa,(PO,), OH+ 
Ca Ca 
tCa,(PO,), OH+ 
Ca Ca 
OH OH 
i.e. Ca,(PO,)OH, with an atomic ratio Ca/P = 2.0. It has been found 
possible to isolate solids approaching this composition (see Greenwald 21). 
The particles composing such a material would barely attain colloidal 
dimensions, the thickness being of the order 10 A. The general growth 
of the particles may be visualized by postulating sheets of thickness equal 
to  one unit cell of apatite with hydroxyl ions attached to their surfaces. 
As the plates thicken, base would be liberated, as is observed in the ageing 
of very basic solids. The atomic ratios Ca/P and OH/P can be calculated 
for various thicknesses from the general formula {Ca,(PO,) ,OH}, . Ca,(OH), 
Referring to the dehydration of the precipitated hydroxyapatite 
(S. 16) (Fig. 3) it was found that 2-07 % water was lost above 123oOC. 
21Greenwald, J .  Amer. Chew. SOL, 1944, 66, 1305. 
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1072 SORPTION O F  WATER 
If the surface hydroxyls are held up to this temperature, as appears to  
be likely since they are more than 5 A units apart, the constitutional 
water content corresponds to particles of an average thickness of 13 
" apatite " unit cells (n = 26). For such a material the Ca/P ratio 
would be slightly greater than that of hydroxyapatite (1.69 as compared 
with 1-67), but the OH/P ratio would be considerably greater than in 
hydroxyapatite (0.38 as compared with 0.33) .  The Ca/P  ratio could 
scarcely be determined with sufficient accuracy to decide whether the 
material was significantly more basic than hydroxyapatite, but the 
content of constitutional water from the hydroxyl, being about 15 yo 
greater than for hydroxyapatite, would be easily determinable. 
With the prospect of surface uptake of hydroxyl ions i t  is almost 
certain that other anions, including phosphate ions present in solution, 
would be sorbed (see Tromel". Reference may be made to the solids 
formed in series I (Fig. I) over the range of total Ca/P from 1.0 to 1.5. 
This type of complication in the chemistry of calcium phosphates would 
be difficult to treat rigidly, but it does a t  least provide a further possible 
explanation for the indefiniteness of many calcium phosphate precipitates 
recorded in the literature-an indefiniteness which has led many workers 
to dismiss them all merely as solid solutions. 
The writer desires to thank Dr. E. M. Crowther for helpful criticism 
and a.dvice received throughout the investigation. He is also indebted 
to the Agricultural Research Council for a grant during the tenure of which 
the work was carried out. Thanks are due to members of the Rothamsted 
Pedology Department for the use of X-ray apparatus and for the most 
willing assistance rendered. 
Chemistry Department, 
Rothamsted Experimental Station, 
Harpenden, 
Herts. 
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